Magnetostrictive sensors (MsSs) that can excite and receive guided waves are commonly used in detecting defects that may occur in cables and strands for supporting heavy structures. A conventional MsS has a hard sensing coil that is wound onto a bobbin with electric wires to generate the necessary dynamic magnetic field to excite the desired guided waves. This tailor-made hard coil is usually bulky and is not flexible enough to fit steel strands of various sizes. The conventional MsS also cannot be mounted to any steel strand that does not have a free end to allow the bobbin to pass through the structure of the tested strand. Such inflexibilities limit the use of conventional MsSs in practical situations. To solve these limitations, an innovative type of coil, called a flexible printed coil (FPC), which is made out of flexible printed film, has been designed to replace the inflexible hard coil. The flexible structure of the FPC ensures that the new MsS can be easily installed on and removed from steel strands with different diameters and without free ends. Moreover, the FPC-based MsS can be wrapped into multiple layers due to its thin and flexible design. Although multi-layer FPC creates a minor asymmetry in the dynamic magnetic field, the results of finite element analysis and experiments confirm that the longitudinal guided waves excited by a FPC-based MsS are comparable to those excited by a conventional hard coil MsS. No significant reduction in defect inspection performance was found; in fact, further advantages were identified when using the FPC-based MsS. When acting as the transmitter, the innovative FPC-based MsS can cover a longer inspection length of strand. When acting as the receiver, the FPC-based MsS is more sensitive to smaller defects that are impossible to detect using a hard coil MsS. Hence, the multi-layer FPC-based MsS has great potential for replacing the conventional hard coil MsS because of its convenient installation, and ease of fitting to different strand diameters; it is smaller, and, most importantly, performs much better in strand defect detection.
Introduction
Seven-wire steel strand has been widely used in prestressed structures such as concrete buildings and suspension bridges.
As the major load-carrying component of these prestressed structures, the condition of the steel strand directly affects the safety of the structure. Load monitoring [1, 2] and defect detection are the most important approaches for evaluating 0964 -1726/11/055001+12$33.00the condition of the steel strand. In recent years, guided wave technology has been applied to the nondestructive evaluation (NDE) of steel strand. It shows great potential for detecting defects on seven-wire steel strands due to its 'REAL' characteristics, i.e., rapidity, ease of operation, accuracy and long range inspection ability. Piezoelectric transducers (PZTs) and magnetostrictive sensors (MsSs) are two commonly used sensors for guided-wave-based inspection. Before a maintenance operative decides to mount sensors for emitting the desired guided wave to inspect strand defects, he must first consider the proper way to mount the sensors on the surfaces of the twisted strand wires. If a PZT has been chosen, the operative must ensure that the mounted PZT arrays have maintained a direct and close contact with the helical surface of the twisted wires through a couplant. However, in situ steel strands are usually protected by a PE sheath. The PZT-based SMART layer [3] , which has a thin dielectric film, cannot be used to inspect strands directly. Even if the sheath can be removed, it is still difficult to ensure that the SMART layer can have good contact with the helical surface of the strand wires. Comparatively, the magnetostrictive sensor (MsS) has been proven to be more suitable for steel strand inspection due to its non-contact mounting method and the ease with which an MsS can be applied to the surfaces of twisted wires even if they are covered by PE sheath. Kwun et al [4, 5] successfully applied an MsS to generate a symmetrical longitudinal guided wave in steel cable. Di-Scalea and Rizzo et al [6] [7] [8] adopted the MsS for stress monitoring and defect detection in sevenwire steel strands.
The MsS generally consists of a bias magnetic configuration and a sensing coil, which is often wound onto a tailormade bobbin using electrical wires. Many researchers have focused on improving the performance of the bias magnetic configuration in the MsS. Lee and Kim [9] proposed some permanent magnet-based configurations for the excitation of pure longitudinal or flexural mode guided waves. Laguerre et al [10] used a solenoid coil to provide the bias magnetic fields and illustrated the non-linear behaviour of the magnetostrictive transduction versus the polarizing current intensity and amplitude of the driving current in the coil. Park et al [11, 12] adopted an innovative magnetized nickel strip to form the desired bias magnetic field, so that the MsS can excite a torsional wave in a cylindrical waveguide with higher transduction efficiency and fewer unwanted modes.
However, few researchers have concentrated on improving the sensing coil. Liu et al [13] proposed a multi-layer hard sensing coil for the MsS. Their experimental results showed that a multi-layer hard sensing coil can substantially increase both the excited and received wave energy. However, once the hard coil has been made, it can only fit one strand size, by passing a free end of the strand through it. If the strand has no free end, which is usually the case in stressed strands, the hard coil cannot be mounted to the strands. Two semicylindrical bobbins can be connected on the strand to form a core, and then, by rotating the core on site, the electrical wires can be wound onto the bobbin [14] . However, the winding of wire onto a multi-layer hard sensing coil on site is very time consuming. These limitations present difficulties for the application of a MsS, which uses a hard coil, in steel strand defect inspection.
Printed coils are commonly used in RFID technology and smart sensor design, because the required lightweight, thin coils are easy to print. Here we propose a new structure, using flexible printed coils (FPCs) to replace the hard coils in conventional MsSs. The FPC should be sufficiently flexible to wrap into different layers, but also strong enough to wind onto the steel strand without the need for a circular core, as required with a hard coil MsS. The FPC-based MsS is easily installed on steel strands with different diameters. By wrapping the FPC into multiple layers, a FPC-based MsS, which acts as a transmitter, can excite more energy so that the inspection length can be extended. Meanwhile, another FPC-based MsS, which acts as a receiver, is more sensitive in detecting the wave signal propagating through the strand or reflected from discontinuities in the strand. Hence, the received wave signal is of higher amplitude than that received by a hard coil MsS. That is, even smaller defects become detectable when using a multiple-layer FPC-based MsS.
The remainder of this paper is organized as follows. In section 2 we briefly address the theories for hard coil design. The design details of the FPC are presented in section 3. In sections 4 and 5, results from the finite element analysis and performance test experiments are presented and discussed. Finally, our conclusions are presented in section 6.
Theoretical background

Dispersion curves of a seven-wire steel strand
The propagation of guided waves in a specific structure can be determined by performing an analysis on its dispersion curves, F = ( f, v), where f is the frequency and v is the group velocity or phase velocity of the propagating waves. The dispersion curves of a steel strand are usually difficult to derive due to its complicated boundary conditions. To prove the feasibility of the proposed FPC-based MsS, tests were conducted on a seven-wire steel strand. The strand has a centre core wire of 6.3 mm diameter surrounded by six helically twisted wires with a radius equal to 3 mm and a twisted pitch equal to 280 mm, which yields a lay angle of 7.86
• . Treyssède [15, 16] found minor differences in the dispersion curves of cylindrical and helical wires of steel strands with a small lay angle such as 7.86
• . Hence, helical wires can be simplified to cylindrical wires so that the similar dispersion curves obtained from cylindrical wires can be used as a reference for selecting/designing a proper MsS for helical wire strands. Figure 1 shows the group velocity profiles in the dispersion curves obtained from a steel straight wire with a diameter of 6.3 mm. The curves were calculated using DISPERSE software [17] . Frequencies ranging from 100 to 190 kHz were chosen as the excitation frequency region because the L(0, 1) mode was selected to excite the optimized guided wave. The L(0, 1) mode was selected due to its almost non-dispersive behaviour and because it travels at a much faster group velocity than other modes. Hence, the receiver can be guaranteed to receive the reflected wave signal propagated in the L(0, 1) mode first, and it will not be confused with other modes travelling at slower velocities.
Three-group-coil-based magnetostrictive sensor
An MsS for generating/receiving longitudinal guided waves in steel strand is usually composed of a permanent magnet circuit and a sensing coil. When the dynamic magnetic field, which is induced by feeding a time-varying current into the sensing coil, is parallel to the static bias magnetic field provided by the permanent magnet circuit, the magnetic domain in the strand experiences time-varying mechanical deformation according to the general magnetostrictive principle. Such a deformation, caused by the externally applied magnetic field, will create a wave propagating in the steel strand. To detect the wave, according to the Villari effect, the wave induces stress on the strand which causes a change in the magnetic induction of the sensing coil. Such a change can be detected as a voltage output in the sensing coil [18] . Figure 2 (a) shows the configuration of a hard coil-based MsS. Liu et al [13] have previously demonstrated that having three axisymmetric magnets in a sensory circuit, which is made up of permanent magnets and yokes, can provide a uniformly distributed bias magnetic field on the steel strand. To compare the performance of a hard coil MsS and an FPC-based MsS, a sensory circuit with three axisymmetric permanent magnets was again adopted in both the conventional MsS and our new FPC-based MsS, so that the circuit could provide a stable bias magnetic field in the tested steel strand. The entire hard coil was formed by three groups of hard coils, as shown in figure 2(a) . The length of each group was equal to half of the wavelength of the excited guided wave mode. As shown in figure 2(b) , the first and third groups of the hard coil were wound in one direction, while the coil of the second group was wound in the opposite direction. This threegroup-coil configuration was selected so that the energy of the excited wave could be reinforced while minimizing electrical noise [19] . The bias magnetic field generated by the permanent magnet circuit, and the dynamic magnetic field generated by Figure 2 . The excitation of the longitudinal guided waves in the steel strand using an MsS: (a) the hard coil-based MsS; (b) the arrangement of three groups of hard coils, their directions of coil winding, and the directions of generated bias and dynamic magnetic fields, by the permanent magnets and groups of hard coils, respectively. the three groups of coils, have the same direction, which is parallel to the z-axis or the axial axis of the tested strand. Through the interactions between the two magnetic fields, the desired longitudinal guided wave mode was excited in the steel strand. According to the group velocity dispersion curves shown in figure 1 , the L(0, 1) guided wave mode excited at a central frequency of 160 kHz has a group velocity of 5096 m s −1 . Such a configuration makes its half wavelength λ/2, which is equal to 16 mm. Therefore the length of each group of coils l was intentionally made to be equal to 16 mm. The brief theory for the design of this sensing hard coil is presented here. The internal space of the hard coil was filled by the tested steel strand. For each group of coils with a radius R and a length l, the self-inductance L is [20] 
where μ 0 is the permeability of the air, μ r is the relative permeability of the steel, and n stands for the number of coil turns in each unit length (here the unit length is taken as 16 mm per group of coils). The mutual inductance, M, between the two adjacent coil groups can be written as [21] 
Then, the inductance of the whole hard coil, L s can be written as, where
. The inductor resistance of the hard coil is X = 2π f L s . Here, f is the frequency of the pulse current I . Finally, the power P applied to the strand by the inductance coils when a current is passing through the coil is [22] 
For the transmitter hard coil, increasing the number of coil turns in the unit length n will usually reduce the amplitude of the pulse current I in the coils due to the increase in the resistance of the hard coil. However, from equation (2.4), note that the power P can be increased by increasing n, due to its 'square' effect with the current I . Hence, there is a tradeoff in selecting the values of n and I . If the factor of the number of turns of n can be increased more than the factor of decreasing I , then the final wave power P can still be increased significantly. For example, if there is a threefold increase in the value of n (n = 3), which causes the current I to decrease by only 30% compared to when n = 1, then the entire factor (n I ) 2 will still increase; hence, P will also increase. In a later section of this paper, such a trade-off and the proper selection of n and I will be presented (see table 1 ). In summary, from equation (2.4), it is clear that if the value of n I increases, the power P, or in other words the amount of wave energy exciting the steel strand, will be increased.
For the receiver hard coil, according to Lenz's law,
where is the magnetic flux encircled by a single turn of coil, the voltage output ε has a linear relationship with the total number of coil turns N of the receiver coil. From equations (2.4) and (2.5), for a hard coil with a given length, if the pitch between two adjacent coils along the z-axis or the axial axis of the inspected strand can be reduced, the number of coil turns per unit of length n and the total number of coil turns N will increase. Hence, the power P of the wave energy also increases. This phenomenon is true for both the transmitter and receiver types of MsS.
Design of the flexible printed coil
Kwun et al [23] introduced the flat flexible cable (FFC) as the sensing coil of the MsS. The FFC can fit different diameters of strand and can be easily installed without requiring a free end on the inspected strand. However, with an FFC, the number of coil turns per unit of length n is limited because of the size limitation of the hard wires inside the FFC. In addition, it is difficult to wrap the FFC to form multiple layers due to the stiffness of its body material. Hence, there are inherent drawbacks in replacing hard coils with FFC to increase the excited or received wave energy. Our FPC-based MsS aims to solve the drawbacks of hard coil MsSs as well as the inflexibility of FFC. The prototype of a one-layer FPC is shown in figure 3(a) , in which three groups of copper inductors of 25 μm in thickness, 0.2 mm in width, and 0.5 mm in pitch are printed onto a flexible film. As mentioned in section 2, the width of each group l is equal to the calculated half wavelength, which is defined as 16 mm. Each coil group includes 31 copper conductors, similar to those used in the conventional hard coil MsS. As shown in figure 3(b) , one end of each coil group was welded to a 30-pole FPC connector to connect it to the other end of the FPC. The use of connectors makes the FPC easy to mount on an inspected steel strand even if it has no free end. When both ends of the FPC were connected and locked by the FPC connector, each copper conductor formed a circular coil. Its two ends were connected to the FPC connector forming 31 poles per coil group, or a total of 93 poles for three coil groups. All of the single circular coils in each coil group were connected in series to form a perfect solenoid coil. When a pulse current, I , was passing through the three coil groups, the arrangement of the reverse coil ( figure 3(b) ) would change the direction of the pulse current in the middle coil group, which was opposite to the current directions of the first and third coil groups. Using such a configuration, the pulse current reverses direction in each third of the width of the FPC film. Figure 4 shows a multi-layer FPC with its wing area and a narrow gap for forming multiple layers of FPC. The major difference between a multi-layer and a single-layer FPC is the existence of a 1 mm wide gap and the surrounding wing areas. This narrow gap was designed to allow one end of the FPC to pass through the gap so that the entire sheet of FPC could be wrapped into multiple layers. Once the desired layers were formed, both ends of the FPC were connected with the FPC connectors and a multi-layer FPC was ready for inspection. If one end of the FPC passes through the gap twice, then a three-layer FPC is formed, and so on. The multi-layer FPC can increase the number of coil turns in a defined unit length, n, consequently increasing the total number of coil turns N. The narrow gap and the wing areas of the single-layer FPC film may affect the performance of the sensing coil formed by the FPC film. To reduce the influence on the sensing coil's performance, the width of the narrow gap and the size of the wing area were designed to be as small as possible. The smallest possible width and size are limited by the capability of the machine used to manufacture the FPC film. It is worth noting here that even a single film of FPC can be made into multiple layers. Due to the advanced technology of printed circuit film manufacturing, a single sheet of FPC can be formed as two layers. That is, both sides of the film can be printed with coils like a common hard printed circuit board. Hence, the potential of an FPC to increase the number of layers, and thereby the number of coil turns, is substantial. 
Finite element analysis for FPC configuration
Finite element analysis was conducted by using commercial software from Maxwell [24] . This finite element software is especially suitable for the simulation of electromagnetic fields. It was used to analyse the increase in the excited wave energy using multiple layers, as well as the influence of the narrow gap and wing areas on the distribution of the dynamic magnetic field. The results were used to compare with those provided by the conventional hard coil MsS. As shown in figure 2(b) , in making the transmitter coil, when the pulse current I was passing through each coil group, its dynamic magnetic induction B z along the z-axis (axial axis) of the steel strand can be written as a commonly used equation:
From equation (4.1), the magnetic induction B z has a linear relationship with the values of n and I at each position of z. That is, an increase in the estimated magnetic induction B z indicates the increase in the values of n and I , and consequently the increase in the excited wave generated by the transmitter coil, according to equation (2.4) . Here, the estimated magnetic induction B z is used as the main performance criterion for the transmitter coil in the finite element analysis. Figure 5 (a) shows the cross-sectional view of a sevenwire steel strand with the wrapped coil and the installation locations of the coil on the steel strand that are used in the finite element model. Maxwell provides an automatic adaptive meshing technique for the models built by the user [25] . In order to streamline the simulation process, Maxwell's meshing technique automatically creates and defines the necessary finite element mesh as the solution converges. Such an automatic adaptive meshing technique was adopted in the simulation process. As an example, the meshing results of our designed 3D model of a two-layer FPC wrapped on a tested seven-wire steel strand are shown in figure 5(b) . The entire two-layer FPC was meshed into 41 686 tetrahedral solid elements and the steel strand was meshed into 87 858 tetrahedral solid elements. The tested strand was modelled as a 140 mm-length centre core wire surrounded by six helical wires in the simulation. Note that the effect of tension or stressed strands was not considered, as the tested strands used in the experiments were not loaded or prestressed. In order to precisely simulate the actual situation, the six helical wires were set to have a small intersection with the centre core wire in the model, and then all seven wires were treated as a solid object.
The peak-to-peak amplitudes of the pulse current passing through the hard coil and different layers of the FPC in the finite element analysis are listed in table 1. The current results were measured based on the conducting experiments when the hard coil-based and multi-layer FPC-based MsS transmitters were working at 150 kHz, as illustrated in section 5.1. In the simulation, the same current values were introduced in the finite element analysis.
As shown in table 1, for a two-layer FPC the number of coil turns was increased twice but the amount of current dropped to almost half (54%) of that in the hard coil. As indicated in equation (2.4), when the values of n and I for each FPC are increased, the power of the excited wave increases. For a two-layer FPC, the n will increase two times but the current I will decrease by half. Hence, by simple observation, after the FPC was increased by three layers, that is, n was increased three times, the amount of current only dropped to 60% of that in the hard coil; thus the trade-off is biased towards the multi-layer FPC. Therefore, it is only when the FPC has at least three layers that the FPC-based MsS can excite more energy than the hard coil MsS. Figure 6 shows a cut plane used in the simulation process, which is located in the middle of the simulated hard coil and up to four layers of FPC. When the hard coil and FPC with different layers are used as the transmitter coil, the distributions of their dynamic magnetic induction right at the cross section of the cut plane are shown in figure 7 . This clearly shows that the dynamic magnetic induction in the centre core wire is higher than that in the six helical wires. The distributions of the magnetic induction in the six helical wires are almost the same. That is, the hard coil can provide a symmetrical dynamic magnetic field in the steel strand. Such a distribution is good for the excitation of the longitudinal guided wave mode while minimizing other dispersive guided wave modes.
The magnetic field formed by the hard coil is shown in figure 7 (a). For comparison, the distributions of magnetic induction formed by one-layer, two-layer, three-layer and fourlayer FPCs are shown in figures 7(b)-(e) respectively. As mentioned previously in the description related to table 1, when the FPC has three layers, the FPC-based MsS can excite more energy than that of the hard coil MsS. Note that in figure 7(d) Figure 6 . The cut plane shows the simulated location for estimating the magnetic field distribution in the steel strand during the simulation process.
for the three-layer FPC, the magnetic field starts to become higher than that of the hard coil. As the number of layers of FPC increases, the magnetic induction B z increases even when the amplitude of the pulse current reduces. As indicated by the magnitude scales of the simulation results shown in figure 7 , the FPC will generate higher induction on the magnetic field when the number of layers of FPC is increased. Consequently, the higher the induction from the magnetic field, the larger the excited guided wave energy.
Another interesting observation can be found from figures 7(b)-(e). When the multi-layer FPC is used as the transmitter coil to provide the dynamic magnetic field in the steel strand, the distribution of the magnetic field in the helical wires becomes asymmetric, especially for the magnetic induction in the area at, and adjacent to, the narrow gap. The magnitude of the magnetic induction in this area is lower than that of the other areas. The asymmetric distribution of the magnetic field cannot be minimized due to the existence of the gap. Some undesired modes, such as the dispersive flexural guided wave mode, could also be excited in the steel strand in addition to the desired longitudinal guided wave mode. However, from the distribution magnitude, the asymmetry is not too serious. Moreover, in practical application, the L(0, 1) mode has a much faster group velocity than that of the flexural guided wave mode in the excitation frequency region. Therefore, the unwanted mode will travel to the receiver more slowly than the longitudinal guided wave mode. That is, the receiver will receive the reflections formed by the L(0, 1) mode rather than from the flexural guided wave mode. The experimental results presented in the later section illustrate this conclusion. Hence, the minor asymmetry in the magnetic field distribution in the gap area does not affect the overall results in steel strand defect inspection using an FPC-based MsS. Note that in future, as aforementioned, due to the advanced technology of printed circuit film manufacturing, a single sheet of FPC can be formed as two or even four layers. By using such a single sheet, multi-layer FPC, the gap for wrapping the FPC into multiple layers can be eliminated. Hence, the distribution of magnetic induction formed by a multi-layer FPC will be as symmetrical as that created by a conventional hard coil MsS.
Performance test of the FPC
The experimental set-up for testing the performance of the FPC-based MsS is shown in figure 8(a) . The transduction system worked in a pitch-catch mode. A 10-cycle sinusoidal tone burst modulated by a Hanning window was used as the excitation signal to generate the desired L(0, 1) guided wave mode into the tested steel strands. The excitation signal was first amplified by the Ritec RPR-4000 Pulse/Receiver and then passed to the coils of the MsS.
Usually, the MsS needs an impedance matching network connected to the inspected strand system to obtain maximum signal energy. However, for the purposes of a fair performance comparison between our innovative FPC-based MsS and the conventional hard coil MsS, impedance matching networks with the same pattern were used for all tests. The circuit models of the hard coil and FPCs were all tuned to have a phase angle of zero. The reflected waves generated from the test strands were collected by the MsS receiver and then delivered to a PC-based data acquisition device which conditioned and then amplified the received wave signal using a similar amplification scale, as shown in figure 8(b) . This figure shows the schematic of the transduction system as well as the flow directions of the guided wave transmitted and received signals.
The FPC acting as the transmitter coil
As shown in figure 9(a) , an FPC-based MsS working as the transmitter and a conventional hard coil MsS working as the receiver were installed on the inspected strand. Each time, when the one-, two-, three-, or four-layer FPC or the hard coil was used as the transmitter coil in the experiments, a resistance of 1 was connected to the transmitter coil in series so that the voltage and the current of the resistance could be measured. The amplitudes of pulse current were obtained and then input to the finite element analysis for simulation purposes. The pulse currents of each type of transmitter coil are tabulated in table 1, which is mentioned in section 2.2.
The transmitter is marked as 'T' and the receiver is marked as 'R'. The strand sample used in the test was a 1.52 m-long seven-wire steel strand without defects. The parameters of the amplifier were kept constant during the course of testing. In the hard coil test, the hard coil, which was made by wrapping 0.5 mm diameter wire onto a bobbin, was used in the comparison study with the FPC. The hard coil used in the transmitter had 31 turns with a length of 16 mm. Another hard coil, with 93 turns in a length of 16 mm, was used as the receiver coil. The guided wave generated by the transmitter was propagating to both sides of the strand. Its propagation paths in the strand are shown in figure 9(b) . The first wave signal packet (propagated about 700 mm from the 'T' to the 'R' as shown in figure 9(b) ) received by the receiver was the direct transmission wave (DTW). Echoed wave signal packets reflected from the left end (propagated about 400+400+700 = 1500 mm) and the right end (propagated about 700 + 420 + 420 = 1540 mm) of the strand were received successively. Since the distances of the two echoed wave signals were very close, this caused overlapping of the two echoed signals generated from both ends. This wave signal packet received by the receiver is called 'echoes from both ends'. Figure 10 shows the typical received wave signal packets, the 'DTW' and the 'echoes from both ends', over time. For comparison, figure 10 also displays the temporal waveforms of the 'DTW' and the 'echoes from both ends' generated from the tested hard coil and a two-layer FPC when they were working as the transmitter coil. From figure 10 , good agreement between the two waveforms demonstrates that the multi-layer FPC can excite the desired longitudinal guided wave in the steel strand, roughly similar to that generated by the hard coil. Hence, as mentioned in section 4, the minor asymmetry in the magnetic field distribution in the gap area of the FPC-based MsS does not affect the overall results in steel strand defect inspection.
The energy, E, of the DTW is estimated as the main performance criterion of the MsS according to the following equation:
where A(m) is the amplitude of the wave signal packet at the time m. The time locations, m 1 and m 2 , are the beginning and end points, respectively, of the wavepacket in the time series. Figure 11 plots the amount of energy generated by the DTW when the hard coil MsS and different layers of FPC-based MsSs were working as the coils of the transmitter. It shows that the amount of energy E increases proportionally with the increase in the number of FPC layers at each testing frequency.
As compared to the hard coil MsS, the amount of energy excited by one and two-layer FPC-based MsSs working at their central frequency is lower. When the FPC increased to three layers, the amount of excited energy was higher than that of the hard coil, which is in good agreement with the result obtained from the finite element analysis, as mentioned in section 4 and as shown in figure 7 . For a four-layer FPC-based MsS, the amount of wave energy excited is almost 70% more than that of the hard coil MsS when both work at the same excitation frequency of 150 kHz. Note that the thickness of the four-layer FPC is 40% thinner than that of the hard coil. Of course, the amount of excited energy cannot be increased without limit. It will be restricted by hardware as the maximum output power is determined by the amplification factor of the amplifier. Therefore, when the FPC is wrapped up to a certain number of layers, the energy it can excite will reach the maximum when the output energy of the amplifier reaches its saturated value. Another interesting observation is the shift of central frequency. In figure 11 , the central working frequencies of the one-layer FPC-based MsS and the hard coil MsS have an agreement at around 145 kHz, because the shape of one-layer FPC is almost the same as that of the hard coil. This tested central frequency of 145 kHz has a disagreement with the designed central frequency of 160 kHz. We surmise that the calculation deviation of the disperse curves in figure 1 , using a simplified boundary condition, may cause this disagreement. Meanwhile, the central work frequencies of two-, three-and four-layer FPC-based MsSs are all around 150 kHz, which is a 5 kHz shift compared to the one-layer FPC and the hard coil MsS.
We tend to believe that the existence of the gap and the wing areas in the higher layer of FPC may change the excitation area expected in the steel strand, resulting in a slight shift of the central frequency.
The FPC acting as the receiver coil
The performance test of the FPC-based MsS acting as a receiver was conducted on a 1.54 m-long seven-wire steel strand. The strand has an artificial defect, which is a notch 2 mm deep and 1 mm wide. As shown in figure 12(a) , the hard coil MsS, with 93 turns in a 16 mm-length, was used as the transmitter coil, while the different layers of FPC-based MsSs were used as receivers. The notch, which acted as a small defect, and one of the free ends, which acted as a large defect, are shown in figure 12(b) . The propagation paths of the guided waves that encountered the notch and the free end of the tested strand are shown in figure 12(c) .
During the course of all experiments, the parameters of the amplifier, such as the voltage control and the gain, were kept constant. The MsS transmitter excited the L(0, 1) mode at an excitation frequency centred at 150 kHz. The echoes reflected from both the left free end (propagated at about 640 + 840 = 1480 mm) and the right free end (propagated at about 900 + 700 = 1500 mm) of the strand also overlapped due to their propagation times being close to each other. Figure 13 shows the typical temporal waveforms received by the receiver when different layers of FPC were used as the receiver coil. Note that the temporal waveform of each type of coil is displayed in different amplitude scales, as shown in figure 13 . In each waveform plot, there are two reflected wavepackets. The first one is the wavepacket reflected by the artificial notch type of defect. The second one is the echo wavepacket, overlapped by both ends of the tested strand. In order to clearly present the results of defect reflection amplitude for comparison purposes, the signals reflected by the notch defect and then received by the FPC-based MsSs with different layers and the hard coil MsS are shown at the same scale, as seen in figure 13 . The amount of wave energy reflected from the defect for the hard coil and different layers of FPC are tabulated in table 2. The results clearly show that the amount of wave energy received from the defect was substantially increased when the number of FPC layers increased. When the two-layer FPC-based MsS was used as the receiver, the received wave energy E started to increase over that of the hard coil MsS. A four-layer FPC-based MsS can receive about 3.5 times more energy than the hard coil MsS.
In order to further validate the performance of multi-layer FPC-based MsSs in detecting strand defects with different sizes, another series of experiments was conducted on the same strand sample but with a second notch type of defect introduced in another wire. The second defect and the previous defect (the first defect) were located in the two adjacent strand wires and their axial positions were intentionally made almost the same, as shown in figure 14 . The second defect, which was 1 mm deep and 1 mm wide, was 1 mm less deep than the first defect. The results of defect reflection signals when different layers of FPC were used as the receiver coil are shown in figure 15 . The results show that the amplitudes of the wave signal received from the defects are also increased with the increase of the number of FPC layers. The trend of increase is similar to that shown in figure 13 when only the first defect exists. These -1500
Three-layer FPC Figure 13 . The received wave signal packets when the hard coil and FPC were used as the receiver coil alternately. results imply that our designed FPC-based sensor can provide good detection performance with consistent results. The experimental results demonstrate that a multi-layer FPC-based MsS is more sensitive in detecting the wave signal reflected by the defect. Hence, a multi-layer FPC is more feasible for detecting smaller sizes of defect as compared to the hard coil MsS. From the experimental results demonstrated in figures 11 and 13, the multi-layer FPC-based MsS performs better than the hard coil MsS in inspecting defects on strands. Similar tests conducted with the same procedures and set-up but with different strands were repeated. The results obtained were roughly the same. Hence, the multi-layer FPC-based MsS is superior to the hard coil MsS, regardless of whether it is working as a transmitter or a receiver.
Conclusions
This paper reports an innovative MsS design based on the use of a flexible printed coil. The flexible structure of the FPC ensures that the new MsS can be easily installed on strands with different diameters. Most importantly, the thin sheet of FPC can be wrapped into multiple layers to increase the excited wave energy and so becomes more sensitive to detecting small defects. Although the multiple layers of the FPC caused some minor asymmetric distribution of the dynamic magnetic induction and a slight shifting of the central frequency, the results obtained from the finite element analysis and physical experiments provide strong evidence that overall performance was not affected by these two minor factors. When acting as the transmitter, our innovative FPC-based MsS can cover a longer inspection length of strand. When acting as the receiver, our FPC-based MsS becomes even more sensitive to smaller defects, which are impossible to detect using a hard coil MsS. Hence, the multi-layer FPC-based MsS has great potential in replacing the conventional hard coil MsS because of its convenient installation, and ease of fitting to different strand diameters; it is smaller, and, most importantly, performs much better in strand defect detection. In the future, further simulations and experiments will be conducted using a single film of FPC embedded with multiple layers inside the film. That is, the film will have no gap and wing area. With such a new FPC, the minor asymmetric distribution of the dynamic magnetic induction and slight shifting of the frequency will be eliminated. Consequently, the new FPC will work even better than the conventional hard coil MsS.
